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ment regarding the exact order of the subunits, the pres-
ence of two kinds of subunit within the pore-forming
tetramer was clearly more complex than the simple four-
fold symmetry seen with most K channels. In another
study, the channel was proposed to gate as a dimer of
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dimers (Liu et al., 1998), with an implied two-fold axis
of symmetry. This result would be consistent with the
Shammat and Gordon (1999) finding of an AABB ar-Members of the voltage-gated family of ion channels
rangement of subunits in the rod CNG channel andgenerally demonstrate rotational symmetry about
would suggest that the channel does not have rotationaltheir pore regions. Recent evidence suggests that a
symmetry about its pore. Interestingly, the assembly ofsubset of this family, the cyclic nucleotide-gated chan-
K channel subunits appears to proceed as a dimeriza-nels, may deviate from this pattern of rotational sym-
tion of dimers (Tu and Deutsch, 1999), despite rotationalmetry by having 3A:1B subunit stoichiometry. This
symmetry in the final assembled channel.finding raises many questions about the function, as-
Exciting new evidence presented in the last few weekssembly, and trafficking of these and related ion chan-
(Weitz et al., 2002; Zheng et al., 2002; Zhong et al., 2002)nels and about the functional nonequivalence of sub-
shows an even more surprising subunit stoichiometryunits with identical amino acid sequences.
of CNG channels. Using several different approaches,
the authors of these papers suggest that a CNG channelA common structural theme among voltage-gated ion
may have three A subunits and only one B subunit sur-channels is a rotationally symmetric arrangement of four
rounding its pore region, quite inconsistent with rota-principal subunits around the ion pore. This symmetry
tional symmetry (Figure 2). Zhong and colleagues (2002)is not seen in some other types of channels, such as
identified a leucine zipper motif in the distal C terminusthe glutamate and acetylcholine receptor channels. Ro-
of the A subunit, but not in the B subunit, that appearstational symmetry in voltage-gated channels has been
to be involved in the trimerization of A subunits. Insertingdemonstrated beautifully in the crystal structures of K
mutant leucine zipper domains that form either dimers,channels, including that of a Ca2-activated K channel,
trimers, or tetramers into cone CNG channels, theyMthK (Figure 1; Jiang et al., 2002). Sometimes the rota-
found that the trimer type produces channels whosetional symmetry is disrupted at the channel edges by
functional parameters are most like those of the wild-odd numbers of auxiliary subunits that modify channel
type cone CNG channel. These authors presented fur-function, but the symmetry around the pore generally
ther evidence for the 3A:1B subunit stoichiometry byremains intact. It now appears that an exception to rota-
measuring relative tryptophan and cysteine contents oftional symmetry may exist in the cyclic nucleotide-gated
the A and B subunit bands on gels made from affinity-(CNG) channels, which are members of the voltage-
purified CNG channels from native rod membranes.gated channel family by virtue of their similar sequences
Weitz and colleagues (2002) used chemical crosslinkingand subunit topologies (Hille, 2001).
of native rod CNG channels to determine the subunitCNG channels mediate sensory transduction in rods,
stoichiometry. Using antibody labeling of the crosslinkcones, and olfactory cells and are present in a variety
products, these authors found that the products met
of other tissues, including brain, heart, and kidney (Brad-
the prediction of a 3A:1B stoichiometry and not a 2A:2B
ley et al., 2001; Flynn et al., 2001; Kaupp and Seifert,
stoichiometry.
2002; Richards and Gordon, 2000). Like voltage-gated Finally, Zheng and colleagues (2002) used an innovative
K channels, CNG channels appear to be tetramers (Liu application of fluorescence resonance energy transfer
et al., 1996). However, the four subunits surrounding a (FRET) to determine the subunit stoichiometry of cloned
pore region are A and B subunits, instead of just A. Rod rod CNG channels. They labeled the A and B subunits
and cone CNG channels each appear to have only one with fluorescent donors and acceptors and looked for
type of A subunit, but two types of A subunit have been energy transfer to the acceptors when the donors were
identified in the olfactory CNG channel (Bradley et al., excited at their characteristic wavelength. FRET occurred
2001; Kaupp and Seifert, 2002; Richards and Gordon, from A to A subunits, from A to B subunits, and from B
2000). The A and B subunits have similar topologies, to A subunits, but not from B to B subunits. This sug-
each with six transmembrane segments, a pore region, gests that a channel contains at least two A subunits
an S4 voltage-sensor, and a C-terminal cyclic nucleotide and no more than one B subunit. The presence of at least
binding domain. one B subunit was determined by functional studies: the
The first hint that CNG channels might have an unusual B subunit is required for inhibition by Ca2/calmodulin,
subunit composition came from some elegant work with and it produces increased activation by cAMP when
subunit tandem dimers and pharmacological agents (He compared with A-homomeric channels.
et al., 2000; Shammat and Gordon, 1999) suggesting The combination of these three recent studies
that the rod CNG channel consists of two A and two B strongly suggests that the subunit stoichiometry of CNG
subunits arranged around its pore. Despite disagree- channels is 3A:1B. However, one result from the work
of Shammat and Gordon (1999) seems difficult to explain
if there is only one B subunit per channel. Rod CNG1Correspondence: anita_zimmerman@brown.edu
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Figure 1. MthK Ca2-Activated K Channel
Demonstrates Rotational Symmetry
channel opening was potentiated by the coordination intrasubunit Ni2 coordination by other amino acids, but
for the moment this finding is not understood. In anyof Ni2 by a pair of C-terminal histidines, one from each
of two adjacent A subunits. Expression of histidine-minus case, whether the channel has one B subunit or two
adjacent ones, its structure would not be rotationallyA subunits gave no Ni2 potentiation, with or without the
wild-type B subunit, which also lacked the key histidine. symmetric.
At this point, it is critical to determine not just whatHowever, Ni2-induced potentiation could be recovered
by expressing the histidine-minus A subunits with B sub- is possible, but what is true in vivo, with respect to the
subunit composition of the channels. Two of the groupsunits to which a histidine had been introduced at the
appropriate site. Since coordination of Ni2 requires at showing 3A:1B stoichiometry (Weitz et al., 2002; Zhong
et al., 2002) performed at least some of their experimentsleast two histidines, the simplest explanation for this
recovery of Ni2 potentiation is the presence of two on CNG channels from native membranes (from retinal
rod cells). This is important, since the structure of cloned(adjacent), rather than one, B subunit per channel. More
complex explanations are possible, including possible channels studied in heterologous expression systems
may deviate from that in vivo. Sometimes it seems that
almost anything goes. For example, functional CNG
channels have been found to assemble from combina-
tions of A and B subunits from many tissues and from
species as diverse as worms and humans (Finn et al.,
1998). Many experimenters have tried to constrain sub-
unit composition by using tandem dimers of subunits.
Unfortunately, this can give misleading results, since
the subunits can come together in rather complicated
ways: for example, the leading or trailing member of the
dimer can participate in the channel, leaving its partner
subunit hanging off to the side, away from the pore
(Hille, 2001; McCormack et al., 1992).
On the other hand, cells must have some mechanisms
for controlling subunit composition in order to achieve
the desired array of channels at the plasma membrane.
Evidence for such cellular control of subunit composi-
tion appears in the recent work of Trudeau and ZagottaFigure 2. Rod Cyclic Nucleotide-Gated Channel with Attached Na/
(2002a). They found that a mutant A subunit (CNGA1608)K/Ca Exchange Carrier Dimer
was able to form functional homomeric channels whenAll A subunits are not equivalent, even though they have the same
amino acid sequence. View is in the plane of the bilayer. expressed by itself but could not produce either hetero-
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Finn, J.T., Krautwurst, D., Schroeder, J.E., Chen, T.-Y., Reed, R.R.,meric (mutant A with B) channels or homomeric (mutant
and Yau, K.-W. (1998). Biophys. J. 74, 1333–1345.A) channels when its RNA was coinjected with that of
Flynn, G.E., Johnson, J.P.J., and Zagotta, W.N. (2001). Nat. Rev.the wild-type B subunit. The mechanism for this effect
Neurosci. 2, 643–652.appears to involve a specific interaction between a site
He, Y., Ruiz, M., and Karpen, J. (2000). Proc. Natl. Acad. Sci. USAon the N terminus of B and a site on the C terminus of
97, 895–900.
A. This interaction is thought to hide a trafficking signal
Hille, B. (2001). Ion Channels of Excitable Membranes, third editionon the B subunit that would otherwise prevent surface
(Sunderland, MA: Sinauer Associates).
expression, perhaps by causing retention in the endo-
Jiang, Y., Lee, A., Chen, J., Cadene, M., Chait, B., and MacKinnon,
plasmic reticulum. However, the interaction does not R. (2002). Nature 417, 515–522.
occur between B and the mutant A, so that the trafficking Kaupp, U.B., and Seifert, R. (2002). Physiol. Rev. 82, 769–824.
signal becomes exposed, preventing surface expres-
Liu, D.T., Tibbs, G.R., and Siegelbaum, S.A. (1996). Neuron 16,
sion of the B/mutant A heteromers. The mutant A homo- 983–990.
mers also do not express, since the B does interact with Liu, D.T., Tibbs, G.R., Paoletti, P., and Siegelbaum, S.A. (1998).
the mutant A at other sites, tying it up so that it cannot Neuron 21, 235–248.
reach the surface membrane. The assembly and traffick- McCormack, K., Lin, L., Iverson, L.E., Tanouye, M.A., and Sigworth,
ing of ion channels is an area that is only just beginning F.J. (1992). Biophys. J. 63, 1406–1411.
to be explored. Poetsch, A., Molday, L., and Molday, R. (2001). J. Biol. Chem. 51,
48009–48016.The finding of a 3A:1B subunit stoichiometry for rod
and cone CNG channels also raises other questions. Richards, M.J., and Gordon, S.E. (2000). Biochemistry 39, 14003–
14011.First, is the same stoichiometry present in olfactory and
Shammat, I.M., and Gordon, S.E. (1999). Neuron 23, 809–819.other CNG channels? Zhong and colleagues have found
that the C-terminal leucine zipper domain is conserved Trudeau, M.C., and Zagotta, W.N. (2002a). Neuron 34, 197–207.
in the A subunits of a wide range of CNG channels, Trudeau, M.C., and Zagotta, W.N. (2002b). Proc. Natl. Acad. Sci.
USA 99, 8424–8429.including the olfactory channel and even the CNG chan-
Tu, L., and Deutsch, C. (1999). Biophys. J. 76, 2004–2017.nels of Drosophila and C. elegans, but not in the B
subunits of any of these channels. Thus, it is likely that A Weitz, D., Ficek, N., Kremmer, E., Bauer, P.J., and Kaupp, U.B.
(2002). Neuron 36, 881–889.subunits in all CNG channels can form trimers. Second, if
Zheng, J., Trudeau, M.C., and Zagotta, W.N. (2002). Neuron 36,the olfactory CNG channel has a 3A:1B stoichiometry,
891–896.which of its two types of A subunit is duplicated, or is
Zhong, H., Molday, L., Molday, R., and Yau, K.-W. (2002). Naturethere yet a third A subunit type within this channel?
420, 193–198.Third, the B subunit of the rod CNG channel is required
for a variety of functional properties, including sensitivity
to Ca2/calmodulin and l-cis-diltiazem, flickery gating
kinetics, and a large increase in the current activated
by cAMP (Kaupp and Seifert, 2002). How is all this ac-
complished by only one B subunit?
Finally, how does this stoichiometry affect the interac-
tion of a CNG channel with its modulators and associ-
ated proteins? For example, dimers of the Na/Ca/K ex-
change carrier are known to bind to the rod CNG channel
in vivo (Bauer and Schauf, 2002). Which subunit or sub-
units are involved in this association, and how does it
affect the character of the subunits? Ca2/calmodulin
is thought to inhibit the rod CNG channel by disrupting
an interaction between the N terminus of the B subunit
and the C terminus of an A subunit (Trudeau and Za-
gotta, 2002b), but which A subunit? The B subunit has
been shown to interact with disc-associated proteins in
rods (Poetsch et al., 2001). If there are three A subunits
in a channel, but only two are in contact with B, then
how are these two A subunits affected by B’s interac-
tions with these proteins? Clearly, if there are indeed
three A subunits per CNG channel in vivo, these subunits
cannot be equivalent. This concept of nonequivalence
of subunits that have identical amino acid sequences
has wide-ranging implications for other channels as well.
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